Atomic models based on high-resolution density maps are the ultimate result 17 of the cryo-EM structure determination process. Current cryo-EM model 18 refinement procedures work with the experimental density map that remains 19 constant throughout the process. Here, we introduce a general procedure that 20 iteratively improves cryo-EM density maps based on prior knowledge of an 21 atomic reference structure. The procedure optimizes contrast of cryo-EM 22 densities by local amplitude scaling (LocScale) based on an atomic model 23 without introducing model bias. We alternate the procedure with consecutive 24 rounds of model refinement and tested it on four cryo-EM structures of 25 TRPV1, β-galactosidase, γ-secretase and RNA polymerase III. We 26 demonstrate that LocScale density improvement reveals previously 27 undiscovered map features and improves the quality of atomic models. The 28 presented approach enhances the interpretability of cryo-EM density maps 29 and provides an implementation reminiscent of iterative density improvement 30 as it is routinely employed in the refinement of X-ray crystallographic models. 31
Introduction 32
Electron cryo-microscopy (cryo-EM) has been used as a method to visualize 33 biological macromolecules in their native-hydrated state for more than three 34 decades (Adrian et al., 1984) . Major improvements in detector technology 35 (Faruqi and Henderson, 2007; McMullan et al., 2016) and associated 36 computational procedures recently transformed single-particle cryo-EM that 37 since has been producing a plenitude of near-atomic resolution structures 38 from specimens of lower symmetry (Allegretti et Read, 1986; Wilson, 56 1942) . As a result, crystallographic refinement successively improves map 57 interpretability throughout the refinement procedure. By contrast, the cryo-EM 58 experiment yields both amplitudes and phases directly from images and 59 experimentally determined EM density can therefore be used as a constant 60 minimization target (Grigorieff et al., 1996; Unwin, 2005; Yonekura et al., 61 2003) . 62 63 expected molecular features at the given resolution while avoiding undue 98 amplification of background noise. Depending on the resolution, such features 99 comprise clearly defined signatures of secondary structure and amino acid 100 side chains. With the wealth of recent near-atomic resolution cryo-EM 101 reconstructions (Cheng, 2015; Kühlbrandt, 2014; Subramaniam et al., 2016) , 102 building and refinement of atomic models have become the ultimate steps of 103 cryo-EM structure determination. Therefore, new approaches are required to 104 optimally guide the process of sharpening based on prior knowledge of atomic 105 models and to better integrate model refinement with map interpretation. 106 107 Crystallographic model refinement routinely uses prior information from 108 atomic models to enhance the clarity of electron density maps. As the model 109 improves, better phase estimates iteratively make the electron density more 110 interpretable and ultimately provides more accurate structures. Current cryo-111 EM density interpretation does not make use of model information and model 112 refinement strategies leave the target density unchanged. We here present a 113 general procedure that utilizes prior model information to iteratively compute 114 map representations better suited for interpretation and atomic model 115 refinement than those obtained from existing approaches. The procedure 116 optimizes map contrast by local amplitude scaling against an atomic structure 117 and thereby implicitly accounts for differences in local resolution without 118 introducing model bias. Based on several test cases from the EMDB model 119 challenge (http://challenges.emdatabank.org), we show that model-based 120 density improvement yields refined atomic models of better fit and geometry. 121 122
Results

123
Integrating cryo-EM density improvement with iterative atomic model 124 refinement 125
We propose the following procedure to integrate cryo-EM density 126 improvement with atomic model refinement: First, an initial atomic model is 127 generated and atomic coordinates and B-factors are subsequently refined 128 using existing procedures (Hoffmann et al., 2015; Murshudov, 2016 ; Z. Wang 129 et al., 2014) . In a second step, we use the refined coordinate model to 130 generate a reference map used for local amplitude scaling (LocScale) of the 131 cryo-EM density. The LocScale density contains enhanced local contrast and 132 can be used as an improved target map for additional rounds of model 133 building and refinement. The procedure can be iterated until convergence 134 (Figure 1) . 135 136 Improved image contrast by local reference-based amplitude scaling 137
The central concept of the proposed method is the improvement of map 138 contrast by local amplitude scaling. The appearance of map features does not 139 only depend on the existence of amplitude and phase signal at the 140 corresponding resolution, but also on the relative magnitude of these 141 frequency components. This is particularly true for cryo-EM images that are 142 affected by amplitude modulations due to the contrast-transfer function 143 (Erickson and Klug, 1970) . To examine the effect of various amplitude-based 144 contrast enhancing procedures, we manipulated the amplitudes of a perfect 145 two-dimensional (2D) test image of 512 x 512 pixel dimensions (Figure 2A) . 146
For illustration purposes, we substituted the amplitudes of the image with 147 random Gaussian noise and computed the inverse Fourier transform of the 148 hybrid image. Although this image still has perfect phases and the overall 149 image information is largely conserved, it shows poor contrast and thus 150 makes feature discrimination difficult, and in part impossible ( Figure 2B ). As 151 reflected in the radial amplitude profile of the original image, image amplitudes 152 decay exponentially towards higher frequencies. Amplitudes of cryo-EM maps 153 decay much faster due to imaging imperfections (Henderson, 1992) . Scaling 154 amplitudes by an approximated exponential fall-off restores the overall 155 magnitude distribution at low and high frequencies and improves image 156 contrast ( Figure 2C) . This procedure is equivalent to the widely used cryo-EM 157 map sharpening procedure with a numerically estimated B-factor. Better 158 contrast can be obtained by more accurately restoring amplitude differences 159 between adjacent frequency components. This can be achieved by scaling 160 amplitudes against the radial average of the original image, equivalent to so-161 called reference-based scaling of cryo-EM maps using an X-ray model or 162 solution scattering profile ( Figure 2D) . Moreover, as the radially averaged 163 amplitude profile sums many features across the image, it is evident that the 164 relative distribution of adjacent frequency components may not be optimally 165 restored by global amplitude correction. We therefore tested whether local 166 image scaling can yield more accurate amplitude distributions. To this end, we 167 implemented a tile-based scaling procedure, in which the amplitudes of 128 x 168 128 pixel rolling windows were scaled against the local radial average of the 169 respective reference window and the central pixels of the scaled windows 170 make up the resulting image. In this image, high-resolution contrast including 171 directional amplitude components is better restored when compared with that 172 scaled against the global average, and the power spectrum more closely 173 resembles that of the original image (Figure 2E ). This 2D example highlights 174 the importance of relative amplitude scaling for local image contrast and 175 shows that contrast restoration by tile-based amplitude scaling against a local 176 reference should be preferred over compensating amplitude decay by an 177 exponential or an overall fall-off approximation. 178
179
Local amplitude scaling optimizes contrast in cryo-EM maps 180
Due to the contrast benefit of local amplitude scaling in photographic images, 181
we set out to assess whether this strategy improves contrast restoration in 182 cryo-EM density maps. Contrary to the 2D image with uniform resolution, 183 cryo-EM maps display local resolution variations in addition to the steep 184 amplitude decay towards high resolution. As a consequence, it is conceivable 185 that cryo-EM maps require locally adjusted sharpening levels to avoid over-186 amplification of noise and dampening of high-resolution features. We 187 therefore implemented a procedure to perform local map sharpening for cryo-188 EM reconstructions analogous to the tile-based approach for the 2D test 189 image outlined above. In this procedure, we locally scale the experimental 190 amplitudes to match the radially averaged amplitude profile of a map 191 generated from a refined atomic reference model (Figure 2F 
Atomic model does not introduce reference bias on LocScale density 230
To ascertain that these features originate from enhanced contrast and not 231 from model bias, we used the TRPV1 structure to compute multiple LocScale 232 maps using different reference amplitudes, i.e. we tested the effect of the 233 reference model on the density modification procedure (Figure 3C-F) . In a 234 first experiment, we performed local amplitude scaling using a reference map 235 that was computed from a main chain-only model (Figure 3E) . In a second 236 experiment, we used randomized reference windows with approximately 237 equivalent resolution that originated from completely different regions of the 238 reference map (Figure 3F) for a resolution range from ~8 to 2 Å. To start with comparable reference 289 models, we first generated uniformly filtered and sharpened maps and 290 performed one round of atomic B-factor refinement using the deposited PDB 291 coordinates as starting models. For further analysis, we computed LocScale 292 maps using the resulting reference models as described above. 293
294
We first assessed the validity of our procedure by comparing the deposited 295 map of β-galactosidase (EMD-2984) with the map obtained by the LocScale 296 procedure. The density of EMD-2984 is of such exceptional quality that 297 individual water molecules can be placed, and characteristic doughnut-298 shaped densities of aromatic rings are revealed in the best-resolved regions 299 of the map (Bartesaghi et al., 2015) . Visualizing these high-resolution features 300 in the deposited map required sharpening levels that result in a density with 301 high overall noise levels ( Figure 4A) . Qualitatively, the LocScale map 302 appears less noisy when compared with the deposited map, which is 303 supported by the smooth fall-off of the radially averaged power spectrum 304 profile (Figure 4-figure supplement 1A) . At the same time, the LocScale 305 map does preserve the reported high-resolution details such as ordered water 306 molecules and characteristic density holes of aromatic rings (Figure 4A-B) . 307
While most of the structure shows an excellent fit between density and the 308 deposited coordinate model (PDB ID 5a1a), we noted that one particular 309 region (V728-H735; Figure 4C as targets for atomic model refinement. We observed that LocRes maps 383 partially compensate for artifacts arising from uniform sharpening in 3D 384 reconstructions with significant resolution variation, whereas local contrast 385 optimization in LocScale maps consistently provides additional detail (Table  386 1-figure supplement 2). Comparison of global refinement statistics using 387
LocRes and LocScale maps as targets support these qualitative observations 388 ( We have introduced a procedure that iteratively improves the interpretability of 395 cryo-EM density maps. The LocScale method uses prior information from an 396 atomic reference model that itself improves progressively during rounds of 397 alternating coordinate refinement and density improvement. Our method is 398 generally applicable to any cryo-EM structure whose density can be 399 interpreted in terms of an atomic model and thus only requires the input of 400 density map and superimposed atomic coordinates without further 401 specification of tuning parameters. Current contrast enhancing approaches 402 often inadvertently result in either omission of structural detail or amplification 403 of background noise, resulting in map artifacts that often cannot be easily 404 distinguished from real atomic features. By applying amplitude scaling locally, 405
LocScale maps represent high-resolution signal more accurately throughout 406 the map (Figures 3-6) . The procedure is reminiscent of an optimized low-407 pass filter that adaptively scales and filters the map amplitudes to match the 408 local resolution and expected mass density distribution of the underlying 409 molecular structure. Instead of reference-based scaling as implemented in the 410 LocScale procedure, local sharpening could also be performed after 411 estimating the amplitude fall-off within each density window using Guinier 412 analysis. While this approach remains an option in the absence of an atomic 413 model, it requires the presence of sufficiently high-resolution data for reliable 414 exponential fitting of B-factors (DeLaBarre and Brunger, 2006) . Strictly, 415 exponential sharpening is an approximation that assumes scattering to arise 416 from randomly distributed free atoms (Wilson, 1942) . One advantage of 417
LocScale amplitude scaling over other sharpening methods is that it explicitly 418 accounts for the characteristic local profile of the amplitude fall-off that is due 419 to specific structural properties of secondary structure motifs (Morris et al., 420 2004) and can differ markedly from a simple exponential decay (Figure 2F , 421 have not yet been refined. Refinement of B-factors at low resolution is 490 challenging and includes the risk of over-fitting as the number of experimental 491 observables is typically much lower than the number of parameters to be fitted 492 (DeLaBarre and Brunger, 2006) . Considering that atomic B-factors represent 493 the square amplitude of displacement from the refined coordinates they 494 correlate with resolution. We thus propose to use the agreement of B-factor 495 and local resolution estimated on a per-residue basis as a low-level 496 assessment tool for the robustness of the atomic B-factor refinement ( Figure  497   2-figure supplement 2B) . Finding better ways to refine and validate B-498 factors at low resolution in real and reciprocal space remains an important 499 area of investigation with potential for further improvements in X-ray 500 crystallographic as well as in cryo-EM model refinement (Brunger et al., 501 2009 ). In the test cases investigated here, we found atomic B-factor 502 refinement to work acceptably up to a resolution of ~8Å. Therefore, we expect 503 the iterative LocScale density improvement to work best for near-atomic 504 resolution cryo-EM reconstructions that are appropriate for model building and For the future of cryo-EM, it is tempting to speculate that atomic models will 516 become more tightly integrated into the structure determination process. In 517 principle, up-stream parts of the structure determination process such as the 518 orientation search of the particle images for 3D reconstruction may also 519 benefit from efforts that aim at iteratively improving both density map and 520 atomic model, analogous to X-ray crystallography procedures that refine the 521 atomic model against diffraction data. We here put forward an iterative cryo-522 EM density improvement that makes use of local amplitude scaling derived 523 from a refined atomic reference model while avoiding bias from that model. used to assess over-fitting. To this end, coordinates were first refined against 610 the full map. Coordinates were then randomly displaced by a maximum of 0.5 611 Å and subjected to three cycles of real-space refinement against one of the 612 half maps (work map) using the same protocol outlined above. The other half 613 map (test map) was used as the test map for cross-validation. Following 614 refinement, we computed the FSC of the refined model against the work map 615 (FSC work ) and the cross-validated FSC between refined model and the test 616 map (FSC test ). All FSCs were computed using a structure mask obtained from 617 the respective EMDB entry that was low-passed filtered to 60 Å. 618 619 To compare model refinement against deposited EMDB entries and LocScale 620 maps, PDB-deposited coordinate models associated with the respective 621 EMDB entry were randomly perturbed by applying atom shifts of up to 0.4 Å to 622 serve as starting models. Five iterations of local and global real-space 623 coordinate refinement against the respective EMDB or LocScale map were 624 each followed by refinement of atomic B-factors in reciprocal space. As 625 above, secondary structure restraints, resolution-dependent weights and NCS 626 restraints were employed. EMRinger scores were computed using 627 phenix.em_ringer (Barad et al., 2015) ; all other validation scores were 628 obtained using MOLPROBITY (Chen et al., 2010 orientation, absolute hand, and contrast loss in single-particle electron 824 An atomic model is used as a reference to improve contrast in the original 871 cryo-EM reconstruction employing local amplitude scaling (1) . The resulting 872
LocScale map contains enhanced structural detail and thus presents a better 873 density for model building (2) and improved target for coordinate refinement 874 (3) . Scaling, building and refinement steps can be iterated to produce 875 successively improved density maps and atomic models. 
